We have calculated the potential energy hypersurface of dimethyl ether with respect to the COC bending coordinate ␣ and the torsional angles of the two methyl groups, 1 and 2 . Two sets of ab initio calculations were carried out. The first was made at the level MP2/6-31G(d,p) in which the structural coordinates were fully relaxed except for the grid points on the hypersurface. More extensive calculation were carried out with MP4 corrections for electron correlation with the same molecular structure. The torsional bending Hamiltonian matrix was symmetrized by the operations of the G 36 nonrigid group and was solved variationally. The effect of explicitly considering the bending mode in the three-dimensional treatment was determined by a comparison to the two-dimensional model in which the flexibility of the frame was absorbed into the calculation by the fully relaxed method. It was found that the three-dimensional calculation gave a much better account of the sin͑3 1 ͒sin͑ 2 ͒ intermode coupling than the two-dimensional treatment.
I. INTRODUCTION
Molecules containing interacting methyl groups often have a far infrared torsional band spectrum that is highly congested.
1 One solution to the problem of band assignments of these complex spectra is the direct simulation of the band profiles by the ab initio calculations. 2 Such calculations provide information about the shapes of the potential surfaces governing methyl rotation as well as the kinetic interactions between the methyl groups.
The most effective method for accounting for the interactions between the top and the frame is the so-called technique of full relaxation of all structural coordinates. 3 In this method, the structural parameters are optimized during the Hartree-Fock calculation of the total electronic energy except for the torsional angles that form the grid points for the potential surface.
In the specific case of dimethyl ether, DME, the simultaneous rotations of the two methyl groups set up a powerful steric interaction between the adjacent methyl groups that results in a flexing of the central COC bond angle. This interaction between the bending of the COC frame and the rotations of the methyl groups manifests itself in a coupling between the Q 15 (b 1 ) and Q 11 (a 2 ) torsional modes and the Q 7 (a 1 ) in-plane bending mode. Moreover, as the overtone of the gearing mode, 2 15 ͑a 1 ͒, in DME-h 6 lies at 481.2 cm Ϫ1 it is in an ideal position for a resonance perturbation with the 412.0 cm Ϫ1 7 ͑a 1 ͒ COC bending fundamental. In our earlier study 3 on DME we were unable to account for the localized perturbation between the overtone of the gearing mode and the COC in-plane bending mode by the full relaxation method, even though the levels not directly affected by the perturbation were successfully accounted for. In this article, we extend our model for DME to explicitly include the COC bending as a third large amplitude coordinate. It was anticipated that the introduction of the additional dimension should account for some of the observed perturbations.
II. THEORY
In the equilibrium conformation, ͑ 1 ϭ0, 2 ϭ0͒, the inplane hydrogens atoms of the two methyl groups of DME are found to eclipse the oxygen atom. Figure 1 shows the equilibrium structure and the symmetry axes. The direction of rotation of the methyl hydrogens are defined in the clockwise sense for both groups. In the rigid approximation, the Q 7 COC in-plane bending mode and the torsions of the methyl groups in the same sense Q 11 ͑antigearing͒ and in the opposite sense Q 15 ͑gearing͒ can be classified by the a 1 , a 2 , and b 1 representations of the C 2v point.
The three-dimensional dynamical model for DME may be classified by the restricted nonrigid group proposed by Smeyers 4 who defines the nonrigid symmetry operations in terms of the internal coordinates. This r-NRG group is identical to the group of symmetry operations that commute with the DME nuclear Hamiltonian when the molecule is described as a two-dimensional system where the variables are the torsional angles. Thus, the symmetry properties of the system are unmodified by the addition of the in-plane bend-FIG. 1. The equilibrium structure of dimethyl ether, the x, y, and z symmetry axes and the definitions of the 1 , 2 , and ␣ torsion and bending coordinates.
ing motion as a third large amplitude coordinate. The r-NRG G 36 group is defined by the same nonrigid operations that were used in a recent study of acetone.
2͑a͒ This group has four nondegenerate A i representations, four two degenerate representations E i and one four degenerate representation, G.
The a 1 , a 2 , b 1 , and b 2 representations of the C 2v point group correlate with the A 1 , A 3 , A 2 , and A 4 singly degenerate representations of the r-NRG G 36 group.
When only the three lowest frequency modes are considered, the nuclear Hamiltonian for DME may be written as Over the full range of bending angles, the potential for the bending motion contains two minima. The top of the barrier separating the minima corresponds to the linear COC conformation. As only low quanta of the 7 ͑COC͒ mode are required the asymmetric bending about only one equilibrium position is considered. Figure 2 compares the double well potential for the complete bending coordinate with the one-dimensional potential V ␣ ͑␣͒. The analytical form for this anharmonic potential is described by
where the angle ␣ measures the displacement from the equilibrium position. The minimal form for the potential surface for the two torsional angles is an analytical expression of seven terms that transforms as the A 1 representation of the G 36 group. The complete three-dimensional hypersurface then becomes
The expansion coefficients were determined by fitting Eq. ͑4͒ to the total energy data points obtained from the fully optimized ab initio calculations.
The nuclear Hamiltonian was solved by the variationally with product harmonic oscillator and free rotor basis functions The double fourier series was symmetry adapted to simplify the diagonalization of the Hamiltonian matrix. The eigenvectors were similar to those employed in the recent analysis of acetone 2a and were obtained by the application of projection operators onto the solution of the double free rotor. The result of the symmetrization is to block the Hamil-tonian into 16 boxes corresponding to the nine representations of the G 36 group. For the levels that lie below the barrier, the internal rotation is restricted and resembles a torsional oscillation that can be described by the quantum numbers of the harmonic oscillator. Thus when the torsional splittings are small, the representations of the rigid C 2v point group are equally useful in classifying the levels. In this case, each level contains the four microlevels, A i , E i , E i , and G of the G 36 nonrigid group for a total degeneracy of nine.
Selection rules for the allowed infrared and Raman transitions are identical to those derived for acetone. The intensities of the sharp well-defined c-type bands in the infrared spectrum depend on the x out-of-plane component of the dipole moment. The selection rules are A 1 ϪA 2 , GϪG, E 1 ϪE 1 , E 3 ϪE 4 , and GϪG. The Q branches of the bands observed in the Raman spectrum correlate with the diagonal of the polarizability tensor that transforms as the A 1 symmetric representation.
III. COMPUTATIONAL DETAILS
The ab initio calculations were performed with the program Gaussian 92. 5 The equilibrium geometry of the ground electronic state was determined from fully optimized calcu- The calculations were performed with the 6-31G(d, p) basis set.
lations within the MP2/6-31G(d, p) approximation. In the equilibrium conformation the in-plane hydrogen atoms were found to eclipse the oxygen atom with a COC bending angle of 110.949°. The data points that define the three-dimensional potential were obtained from fully optimized calculations at the MP2/6-31G(d,p) and MP4/6-31G(d, p)//MP2/6-31G(d,p) levels. Nine values for the bending angle ␣ range from the equilibrium position, 110.949°, ␣ϭ0°, to ␣ϭϮ10°. For each value of the bending angle, seven conformations of the torsional coordinates, 1 and 2 were selected for a total of 49 structures. The data points ͑␣, 1 , 2 ͒ and the energies relative to the equilibrium position are given in Table I . The energy data points were fitted 6 to Eq. ͑1͒ with a standard deviation of 1.035 12 ͑Rϭ1.0͒ for the MP2 potential and 1.068 40 ͑R ϭ1.0͒ for the MP4 potential. Table II lists the expansion coefficients for the three-dimensional hypersurface.
The sensitivity of the torsional barriers to the variation of the bending angle is explored in Table III. In the case of the MP4 calculations the height of the barrier increases from 2082.610 cm Ϫ1 to 3815.030 cm Ϫ1 when the bending angle is decreased from 0°to Ϫ10°. The corresponding increase in bending angle of ϩ10°reduces the barrier to 1179.457 cm
Ϫ1
. These trends are to be expected since in the limiting linear COC case, the barrier to methyl rotation is vanishingly small.
The kinetic parameters in the Hamiltonian were determined from the numerical derivatives of the nuclear Cartesian coordinates with respect to the internal coordinates at the equilibrium geometry. The calculated values for DME-h 6 were B 1 (␣, 1 , 2 )ϭB 2 . These values are in reasonable agreement with the parameters obtained from microwave spectroscopy:
7 DME-h 6 ; 6.782 and Ϫ1.369 cm Ϫ1 and for DME-d 6 ; 3.869 and Ϫ1.112 cm
. When the Hamiltonian is solved variationally, the accuracy required for convergence of the lower levels requires a basis consisting of 37ϫ37 products of the trigonometric functions and 13 harmonic oscillators for an overall dimension of 37ϫ37ϫ13ϭ17,797. On factorization, the dimensions of the individual boxes reduce to A 1 ͑637͒; A 2 ͑546͒; A 3 ͑546͒; A 4 ͑468͒; E 1 ͑2ϫ1014͒; E 2 ͑2ϫ858͒; E 3 ͑2ϫ1014͒; E 4 ͑2ϫ858͒; g͑4ϫ2028͒. The matrices were diagonalized with a Givens-Husseldorf routine. Tables IV͑a͒ and IV͑b͒ give the calculated values of the torsion-bending levels classified according to the representations of the G 36 group. The correspondence between the levels and the quantum numbers for bending were established from the contributions of the harmonic oscillator solutions to the nuclear wave functions. The assignment of the quantum numbers to the excited torsional levels was made from the symmetries of the wave functions. The observed and calculated frequencies of the far infrared bands for DME-h 6 and -d 6 are given in Tables V͑a͒  and V͑b͒ .
IV. DISCUSSION
The most dramatic effect of the flexibility of the COC angle on the torsional motion is its influence on the heights of the barriers to methyl rotation. Figure 3 The calculations were performed with the 6-31G(d, p) basis set. The calculations were performed with the 6-31G(d, p) basis set. are very sensitive to the value of the COC angle. When the angle of the COC group closes the two methyl groups come into each other proximity, and the steric repulsion between the hydrogen atoms increases. On the other hand, as the COC angle opens, the barrier maxima and saddle points decrease. At the linear 180°conformation the methyl groups essentially undergo free rotation. The major complication in the two top problem involves the description of the sin͑3 1 ͒sin͑3 2 ͒ and cos͑3 1 ͒cos͑3 2 ͒ coupling terms. The affect of the flexibility of the frame on these terms can be understood from Fig. 4 . This is a plot of the A ss and A cc terms as a function of the displacement of the COC bending angle ␣ from its equilibrium position. The explanation of A ss plot is straightforward. As the COC bond angle closes the methyl groups begin to crowd together and hydrogens from the two methyl groups undergo a steric repulsion. For angles less than the equilibrium value, 110.949°, the gearing coupling through the sin͑3 1 ͒sin͑3 2 ͒ term is negative and is similar to the well-known case of acetone. As the COC bond angle opens the A ss term passes through zero near the equilibrium value and changes sign. The positive coupling for larger COC angles is believed to result from an attractive interaction between the electron density on the oxygen and the in-plane eclipsed hydrogen atoms. 8 The A cc cos͑3 1 ͒cos͑3 2 ͒ terms are interpreted as an average coupling between the methyl groups. The reduction of this coupling as the COC frame becomes more linear is to be expected. In the case of the three-dimensional calculation, the variation between the change in coupling with changing COC angle is explicitly taken into account. The twodimensional calculation, on the other hand, requires that the variation of the coupling terms be absorbed into the dynamical model by the relaxation process.
A direct comparison of the results of the threedimensional calculation given in Tables V͑a͒ and V͑b͒ Provided the kinetic energy coupling term is small, the difference in frequency between the gearing and antigearing modes is controlled by the sin͑3 1 ͒sin͑ 2 ͒ coupling term. The observed 15 Ϫ 11 difference is 40.3 cm Ϫ1 and is to be compared to the differences for the two-and three-dimensional cases of 30.38 and 43.08 cm
Ϫ1
. Thus, while the threedimensional model gives a satisfactory description of the interaction, only about 70% of the effect is accounted for by the two-dimensional model. The conclusion that can be drawn from this aspect of the work is that the full relaxation method is inadequate for the treatment of the complex couplings between modes that display large amplitude motion. This is not too surprising in view of the extreme variation in the A ss and A cc coupling terms that are illustrated in Fig. 4 . The flexing of the COC bond angle as the methyl groups undergo internal rotation is responsible for the strong anharmonic interactions between the Q 7 bending mode and the overtone levels of the torsional Q 15 mode that are observed in the infrared and Raman spectrum. The COC in-plane bending mode in DME-h 6 . It appears as the second strongest band in the far infrared ͑FIR͒ spectrum at 223.1 cm
. Likewise, the very strong band in the Raman spectrum at 450.5 cm Ϫ1 can be given the assignment A 3 (1,0,0)→A 3 (1,2,0) based on its calculated frequency 455.4 cm
. The assignments of the fully deuterated compound -d 6 are also complicated by the resonance interactions from the bending mode. The perturbations in the spectra are very much larger than in the case of the -h 6 species. For example, the fundamental frequency in -d 6 is observed at 188.6 cm Ϫ1 and the first sequence at 195.3 cm
. Thus, the second interval unexpectedly increases. The reason for this increase is that the d 6 /h 6 isotope shift is greater for the torsional modes than it is for the COC bending mode. The result is that the levels of the -d 6 compound are pushed closer together and the perturbations become stronger. Our calculations reverse the positions of the unperturbed levels of the -d 6 isotopomer and place the torsional gearing overtone level below the COC bending mode and thus the interaction pushes the levels in the wrong direction. As a result, the A 1 level of the COC bending mode is calculated to be too high and the first sequence of the gearing mode is too low. The solution to this problem would be to add additional modes of A 1 species into the model, that would have the effect of depressing the bending mode in the downwards direction and reversing the perturbation. FIG ͒.
